A survey of 196 protein-coding chloroplast DNA sequences demonstrated the preference for AUG and UAA codons for initiation and termination of translation, respectively. As in prokaryotes at every nucleotide position from -25 to +25 (AUG is +1 to +3) and for 25 nucleotides 5' and 3 1 to the termination codon an A or U is predominant, except for C at +5 and G at +22. A ShineDalgarno (SD) sequence (GGAGG or tri-or tetranucleotide variant) was found within 100 bp 5' to the AUG codon in 92% of the genes. In 40% of these cases, the location of the SD sequence was similar to that of the consensus for prokaryotes (-12 to -7 5' to AUG), presumed to be optimal for translation initiation. A SD sequence could not be located in 6% of the chloroplast sequences. We propose that mRNA secondary structures may be required for the relocation of a distal SD sequences to within the optimal region (-12 to -7) for initiation of translation. We further suggest that termination at UGA codons in chloroplast genes may occur by a mechanism, involving 16S rRNA secondary structure, which has been proposed for UGA termination in E.coli.
INTRODUCTION
Mechanisms which might regulate expression of chloroplastencoded genes at the level of translation are unknown. We compared 196 published chloroplast gene sequences to identify potential signals of importance for translational regulation. In our search we assumed that sequences (and/or location of individual nucleotides) important for translational regulation are likely to be evolutionarily conserved, relative to nonregulatory regions of chloroplast transcripts. The many prokaryotic features of chloroplasts (1) (2) (3) suggest that translation of chloroplast genes may share regulatory mechanisms similar to those proposed for prokaryotic translation systems.
Prokaryotic mRNA species contain several specific sequencerelated features thought to be important in initiation and ©IRLPrefstermination of translation. An initiation codon [AUG, GUG or UUG (4), AUA (5), AUU (6) or ACG (7)], is located at the start of translation (nucleotides +1 to +3). A Shine-Dalgarno (SD) sequence (8) , GGAGG or a tri-or tetranucleotide variant thereof,is generally located 7±4 bp upstream of the initiation codon (9) . An A is predominant at position -1 (10) and -3 (9), a purine is most abundant at position +4 (10) and there is a preference for AAA (Lys) or GCU (Ala) as the second translated codon (10) . Secondary structural elements of messenger RNA may also modulate the translation initiation rate by either masking the SD sequence (11, 12) or the AUG initiation codon (13) or by bringing a distal SD sequence closer to an initiation codon (14) . Translation of prokaryotic transcripts usually terminates at an UAA (15) but, occasionally it terminates at UGA or UAG. We have identified examples of all these prokaryotic sequence elements among the 196 chloroplast-encoded transcripts studied.
From our results we infer that initiation and termination of translation from chloroplast-encoded mRNA transcripts may occur by specific mechanisms already described for prokaryotic genes. Our results further document the close evolutionary relationship between prokaryotic and chloroplast genes.
METHODS
All nucleotide frequency analysis was carried out manually. The nucleic acid folding data was generated on an IBM PS/2 Model 80 computer, using the PCFOLD program of Zuker (16) . The data in Table 2 and Figure 4 were normalized with respect to the A and T rich (62%) nature of tobacco chloroplast DNA. In addition, the data presented in Figure 1 was obtained after normalizing with respect to differences in the number of sequences available for each of the 56 genes studied. . The number of sequences available for comparison for each of the 56 genes varied. Therefore, the numbers (frequency) presented for each nucleotide position in this figure were normalized proportionally to a sample size of 56, the total number of genes studied. The values expected by random occurrence (14) and those observed for each nucleotide are indicated by the solid and dashed lines, respectively. in all positions except C at +5 and G at -11 to -9, +4 and +22 ( Figure 1 ). The normalized number of occurrences of each nucleotide within this 50 nucleotide region is 21 (38%) A, 18 (32%) U, 10 (17%) G and 7 (13%) C. A similar preference for A/U, C at +5 and G at +22, in the flanking regions (both 5 1 and 3') occurs in prokaryotic mRNA transcripts, but exceptions are the Grich SD sequence at -7±4 and a C at +21 (17) . The occurrence of a highly conserved C at position +5 in chloroplast and prokaryote transcripts suggests requirement in assembly of the translation initiation complex. Analysis of point mutations are necessary to evaluate this hypothesis. Normalized values for chloroplastencoded mRNAs show a predominance of U at position -1 (31 a Values rounded to nearest %. sequences, 56%), A at -3 (24 sequences, 43%) and a purine at +4 (43 sequences, 77%) , a feature also found in eukaryotes (82% of Drosophila mRNAs and 81% of yeast mRNAs (9)). In vitro experiments with prokaryotic ribosomes and synthetic AUGcontaining oligonucleotides show a higher efficiency of ribosome binding when an A, U and purine are found in positions -3, -1 and +4, respectively (18) (19) (20) . The G frequency peaks at position -10, which is consistent with the location of the G-rich SD sequences in prokaryotes and chloroplasts (see Section 3).
Unlike prokaryotic mRNAs (10), the chloroplast-encoded mRNAs have a low frequency of AAA (10% of genes studied) as the second codon and GCU did not occur in this position. nuclear-encoded genes (21) . Since 32% of the second codons specify the same amino acids as in E. coli genes, we consider this feature to be a conserved procaryotic feature of chloroplast genes in spite of the lack of GCU codons at this position. The relative abundance of chloroplast tRNAs with anticodons AAN or GCN is unknown. Our results support Gold's suggestion (14) that conserved sequences at the second codon position may be involved in 50S subunit association with the 30S initiation complex and subsequent initiation of polypeptide synthesis.
We compared ( Table 2 ) the 5' consensus sequences (-12 to +4) of chloroplast-encoded transcripts and leader sequences proposed for plant nuclear-encoded (22) , eukaryotic (vertebrate) (9) and prokaryotic transcripts (17) . The chloroplast DNA-encoded consensus sequence from -12 to +4 contains 9 identical predominant nucleotides and 4 positions in which the second most common nucleotide is identical, relative to the procaryotic consensus. The high level of homology between the chloroplast and prokaryotic consensus sequences is due, in part, to the location of G-rich SD sequences (see Section 3) within the -12 to -7 region of both prokaryotic and chloroplast-encoded transcripts.
No corresponding region is present in eukaryotic mRNAs (9) , and, other than the coding sequence (+1 to +4), few sequence identities were found between the chloroplast and plant nuclear or vertebrate consensus sequences (Table 2) .
With regard to the 5 1 leader sequences of atpB transcripts, an apparent low sequence identity is more evident within the dicotyledon plants (32-44%) and between dicotyledon and monocotyledon plants (44-64%) than between the monocotyledons alone (80-100%) ( Figure 2A ). A lack of sequence identity does not appear to correlate with an absence of a SD sequence in this region. In contrast to the situation among atpB genes, the psbA transcripts of six dicotyledonous and two monocotyledonous plants (which also lack a SD sequence in this region) show a high sequence identity (88-92%) in the 5' leader sequence ( Figure 3 ).
Although possible translation regulatory sequences are expected to occur in the 5 1 leader region of chloroplast mRNAs, they could also exist 3' to the initiation codon. In the case of atpB transcripts the sequences 5 1 to the initiation codon (-25 to -1) from several monocotyledon and dicotyledon plants (all of which lack a SD sequence -see Section 3) are generally 40-64% conserved, but the important -3 (A) and -1 (U) positions are invariant. However, comparing the sequences 3 1 to the initiation codon (+4 to +25), two conserved sequence motifs (UCCU at positions +12 to +15 and CUUC at positions +20 to +23, separated by an ACUA sequence), were observed in all atpB genes examined ( Figure 2A and ref 23 ). These two sequence motifs (CCU and UUC), again separated by ACUA, are also present in the 5' leader of rpg!2 transcripts from maize and Marchantia. at positions +4 to +13 ( Figure 2B ). Although the 5 1 leader region of tobacco and soybean rps!2 transcripts contain an ACUA sequence, they both lack the flanking 3' CCU and UUC sequence motifs ( Figure 2B ). The importance of sequences 3' to the initiation codon in translation initiation, has previously been reported for bacteriophage T7 genes (24, 25) . Expression of various length fragments 3 1 to the initiation codon of the T7 early gene 1, which are cloned into a reporter plasmid, shows a requirement for sequences up to 112 nucleotides downstream of the initiation codon in efficient ribosome binding to mRNA of this gene (24) . Furthermore, even sequences downstream of nucleotide +112 affected (inhibited) translation in these experiments. The authors suggest that both effects result from secondary or tertiary structures within the mRNA sequences. Requirements for such conserved sequence or secondary structural elements 3' or 5' to the initiator AUG have yet to be explored for the 6% of chloroplast genes which lack a SD sequence in the expected position and/or which lack other 5 1 sequences thought to be required for translation initiation.
Initiation codon
Initiation of translation from 55 of 56 chloroplast-encoded genes compared in this study occurs at an AUG codon. An exception is the msl9 mRNA coding for the chloroplast small ribosomal subunit protein S19 (26) . The coding sequence of this protein starts with a GUG codon in tobacco, spinach, soybean and maize (27) (28) (29) (30) .
However, in Marchantia. S19 initiation occurs at an AUG codon (31) . We conclude that the GUG initiation codon in the chloroplast-encoded rpsl9 transcript is a prokaryotic feature, since a functional GUG initiation codon has yet to be identified in an eukaryotic organism. Initiation of eukaryotic mRNA translation was thought to utilize only AUG (9); however, translation of mRNA for the c-myc proto-oncogene from human, murine, avian and amphibian cells, initiates from an AUG and a CUG codon, resulting in the translation of two different proteins from the same mRNA (32).
Shine-Dalaarno sequences
The Shine-Dalgarno (SD) sequence (GGAGG) in the 5 1 noncoding region of prokaryotic mRNAs forms a base paired region with its complementary (CCUCC) sequence at the 3' terminus of 16S rRNA prior to (and as a prerequisite for) initiation of translation (33, 34) . A SD sequence, or tri-or tetranucleotide variant thereof, was found within 100 bp 5• to the initiation codon in 181 (92%) of 196 chloroplast-encoded transcripts (see Appendix A). The GGANN (where N is an A, U or C) variant of the SD sequence is most common (found in 32% of the 181 sequences) followed by GGAG (25%), GGAGG (18%), AGG (9%), GAGG (8%) and GAG (7%).
In sequences containing a GGAGG SD sequence, it occurs within the first 25 nucleotides 5 1 to the initiation codon. In 72 (40%) of these 181 sequences, the SD sequence is located within the -12 to -7 region, with a frequency of occurrence ( Figure 4 ) of GGAGG (23 of 72 sequences) GGAG (17) > GGA (13) > GAGG (11) > AGG (4) > GAG (4). The high incidence of a SD sequence in this region conforms to the optimal location of the SD sequence in prokaryotes (9) . Thirty-nine percent of the 41 SD variant sequences found within the -100 to -25 region are of the GGANN type and 19% are AGG. The remaining 42% possess either a GAG or GGAG variant. The GGAGG and GAGG variants are not represented within this group of sequences. A SD sequence (or variant) could not be located within 100 bases 5 1 to the AUG codon in 11 (6%) of the 196 sequences studied. Although a rare situation, the dnaG gene of E.coli (35) and the Cl repressor proteins of lambda phage (36) and phage 34 (37) are examples of prokaryotic genes which lack a SD sequence. In these cases (both procaryotic and eucaryotic), and in yet to be discovered examples, other sequence elements not recognizable as SD sequences and/or secondary structural features must occur which permit the formation of functional initiation complexes.
Longer prokaryotic SD sequences may increase the stability of the mRNA -16S rRNA interaction and favor initiation of translation (14) . Comparing two SD sequence variants, UAAGGAGG and AAGGA, Barrick (ref in 14) has shown, by in vitro translation initiation experiments, that the longer sequence was three times more efficiently used than the smaller sequence. Furthermore, only minor effects on efficiency were seen when the location of the long SD varied within the -12 to -4 region (ref in 14) . A full copy of the long-SD (UAAGGAGG) is not present in any of the 31 chloroplast-encoded sequences containing a complete SD sequence (GGAGG). However, the 5 1 sequences of some chloroplast transcripts do contain single nucleotide variations of this long-SD: e.g. wheat atpH and spinach atpl (0AAGAGG), pea, maize and tobacco psa B/A2; tobacco, spinach, pea and Marchantia psbD and tobacco, petunia, spinach, barley, maize and Marchantia rbcL (UAGGAGG). Whether these longer SD sequences effect the efficiency of translation of these chloroplast transcripts requires experimental testing.
A large number of transcripts from the atpE. psaA. rbcL and psbE genes of a variety of monocotyledonous and dicotyledonous plants have been sequenced. The protein products from each of these genes represent a large proportion of the total protein content within the chloroplast. Members of each gene class contain a SD sequence variant, the sequence and location of which are highly conserved ( Figure 5) . Furthermore, the overall sequence identity of the 5' leader region is 92-96% within the monocot and dicot species, respectively, and 84% identity among the examples from these two classes of plants. This situation is in contrast to the low degree of conservation in similar comparisons for the atpB transcripts (compare Figure 2A and Figure 5 ).
An important feature of the atpB mRNA transcripts from tobacco, pea, spinach, barley, wheat and rice (which lack a SD sequence within the 25 nucleotides 5 1 to the initiation codon), is the conservation of an A, U and A/G in the nucleotide positions -3, -1, and +4 positions, respectively (Figure 2A ). These nucleotides may have a more important function in the initiation of translation in the absence of a SD sequence. Their importance may be influenced by flanking nucleotides. However, considering the overall A-T richness of the chloroplast genome (60-65% A or T), the occurrence of A and U at these positions may Figure 5 . A comparative analysis of the translation initiation region (-25 to +3) of several chloroplast-encoded atpE. psaA, psbE and rbcL transcripts. Upper case letters indicate sequence identity with that of tobacco. SD sequences are boxed.
not be statistically significant. In contrast to the atpB transcripts, r_p_sl2 transcripts lack both a SD sequence (within the -25 to -1 region) and the consensus nucleotides in positions -1 and +4 ( Figure 2B ). The presence, absence or length of a SD sequence does not appear to be influenced by a gene's location in a polycistronic or monocistronic operon. For instance, psaA and psaB are cotranscribed as a dicistronic message containing a GGAGG SD sequence 5* to the coding regions of both genes (38) . Shorter SD variants occur in the EBS12 -rjjs7 dicistronic message of tobacco; GGA is found at position -41 from the start codon of rps!2 exon 1 and AGG occurs in the mature mRNA 89 bases 5' to the rps7 coding region (39, 40) , within exon 2 of the rps!2 sequence. The atpBE transcripts contain SD sequences quite distant from the atpB coding region in tobacco(-65), pea (-114) and liverwort (-85), but there is a GGAG sequence 15 bases 5 1 to the distal atpE coding region (Appendix A). In another case, each of the coding regions comprising the polycistronic atpl -atpH -atpF -atpA transcript are preceded by some form of a SD sequence except for the atpA coding sequence (41) . Whether the presence, absence or length of the SD sequence becomes important once a polycistronic transcript has been processed is not known. Also unknown, in cases of adjacent coding sequences such as atpF and atpA. is whether translation of the distal gene requires a new ribosome binding event or whether translation is processive, using the same ribosome required for atpF translation. 4. mRNA secondary structure and translation initiation Secondary structure within the -12 to -1 leader region which might shield the SD sequence (at its consensus -7±4 location) and/or the initiation codon, could result in a dramatic reduction in translation of a particular mRNA (42, 43) .
However, there is evidence that secondary structure may also serve to relocate a distal SD sequence (5 1 to the -12 position) closer to the initiation codon. For instance, the '^GGAG" 23 SD sequence of T4 bacteriophage gene 38 mRNA can be relocated, by formation of a stem-loop structure between nucleotides -2 3 and -5, into a position within 5 nucleotides of the AUG initiation codon (43) -an optimal position to function in prokaryotic translation initiation. A SD variant located 5' to the optimal -12 to -2 region is present in 18% of the 196 chloroplast-encoded sequences studied. In the case of the pea rpsll gene, which contains a GGA SD sequence 26 nucleotides 5 1 to the initiation codon (44) , an A/U rich stem-loop structure with a G at 25°C of -1.4 kcal/mole (45) can be drawn within the -2 6 to -1 region of this mRNA. This structure would result in a more favourable location (-6 as opposed to -26) for the SD sequence, with respect to the initiation codon ( Figure 6A) . A potential stem-loop structure, with a G of -1.2 kcal/mole (45), can also be drawn between nucleotides -41 and +3 of the tobacco 5'rpsl2 gene ( Figure 6B ).
The presence of such a structure would result in the relocation of the GGA SD sequence from -41 to the more optimal -7 position. Although the free energies of these structures are marginally jjT£B]ijc cflocouc Figure 6 . Proposed stem-loop structure within the 5 1 leader region of (A) pea rpsll and (B) tobacco 5'rpsl2. The GGA SD sequences are boxed. favourable, their transient formation, facilitated by ribosome binding, could be stabilized by the SD-16S rRNA base-pairing interaction. Once translation has been initiated, this stem-loop structure may no longer be required. The presence, stability and function of these proposed structures requires experimental evidence.
Termination codon
All three termination codons UAA (ochre), UAG (amber) and UGA (opal) occur in chloroplast-encoded mRNA (Table 3) . UAA is most frequent (70% of 57 chloroplast genes) followed by UAG (19%) and UGA (11%). Both tobacco (a dicotyledon) and maize (a monocotyledon) show a similar termination codon preference. However, in the liverwort, Marchantia, there is a significant preference for UAA (91%) as a stop codon (Table 3 ). In contrast to both tobacco and maize chloroplast genes, the stop codon UGA is found only in the ndh6 gene of Marchantia (31) . Termination of translation of plant nuclear-encoded genes also occurs most frequently at an UAA: 50% of 323 sequences (46) . The UAG and UGA codons are used in 21% and 29% of plant nuclear-encoded genes, respectively. In 124 3 eukaryotic (animal) sequences, termination of translation occurs at an UAA or UGA codon with equal frequency (40%) and ar. UAG was used by the remaining 20% of sequences (46) . Both plant nuclear-encoded and chloroplast-encoded genes show a prokaryotic-like preference for UAA as a termination codon which differs from that seen in other eukaryotic sequences. In contrast to usage among chloroplast genes, both plant and animal nuclear-encoded sequences frequently use UGA as a termination codon.
A potential mechanism has been proposed for termination of translation in E.coli at an UGA codon. A spontaneous mutation (deletion of a C at position 1054 of the 16S rRNA) was responsible for suppression of translation termination at UGA in the truA gene mRNA (47) . A tandem repeat of the The tobacco (27) , soybean (48) and maize (49) chloroplast 16S rRNA sequences possess a C at position 1001 (tobacco) and a 5 'UCAUCA 3 ' sequence (positions 1145 to 1150 [tobacco]) located within a potential stem structure similar to that suggested for E.coli (47) (Figure 7A ). In contrast, in Harchantia chloroplast 16S rRNA, where the UGA codon is used in only the ndh6 gene (compared to 14% of tobacco and maize chloroplast genes), a C is located at position 1008 but the second U of the UCA tandem repeat, has been replaced by a G - Figure 7C ). In animal and yeast mitochondria, UGA codes for tryptophan and is not used as a termination codon (53) however, in both the maize Fl ATPase alpha subunit gene (54) and the apocytochrome b gene from Oenothera (55) , an UGA codon is thought to act as a termination codon. Whether these genes are exceptions to the mitochondrial rule will become apparent once more plant mitochondrial genes have been sequenced. We suggest that modifications of the tandem repeat in mitochondria 18S rRNA and in Marchantia 16S chloroplast rRNA, would prevent the specific rRNA-mRNA interaction proposed as a requirement in E.coli for termination of polypeptide synthesis at an UGA codon. Thus translation would be expected to read through the UGA codon in genes from these organelles, with the Marchantia ndh.6 mRNA being a unique exception.
A frequency analysis of the 25 nucleotides 5 1 and 3' to the termination codon shows, as in the case of sequences flanking the AUG initiation codon, a preference for A or U at every position. However, unlike the 25 nucleotide regions 5'and 3' to the initiation codon, the 25 nucleotides upstream and downstream from the termination codon do not show any unusually high occurrences of G or C (data not shown).
CONCLUSIONS
In efforts to identify potential translation regulatory sequences of chloroplast genes, one must consider that regulation may occur at two distinct levels : (i) via interactions with conserved recognition sequences and (ii) through gene specific sequences or secondary structures. In the case of transcriptional regulation of chloroplast-encoded genes, major changes in mRNA transcript levels can occur as a result of light induction. It is known that specific changes in transcript levels of specific 'light-regulated' genes results from variations among their individual promoter strengths (56, 57) . In the case of translation, simple frequency analyses of the 5' and 3• flanking regions of the initiation codon reveals that certain nucleotide positions favor a 'prokaryotic-type 1 ., 30S ribosome/mRNA association required for in vivo initiation of translation of chloroplast mRNAs. Furthermore, our results suggest that sequences both 5' and 3' to the initiation codon could be important in initiation of translation, especially in transcripts with a 'weak' SD sequence or in the absence of a suitably-positioned SD sequence. It is possible, in those transcripts lacking a SD sequence within 100 bp upstream of the initiation codon, that RNA secondary structure within this region could result in the transposition of distal SD sequences to positions proximal to the AUG initiation codons, in such a manner as to facilitate initiation.
RNA secondary structure may also be important in termination of translation from those chloroplast-encoded transcripts containing an UGA termination codon. We suggest that the proposed mechanism for termination at a UGA codon in E.coli. utilizing a C and UCAUCA sequence located on the same 16S rRNA stem structure, may also function in the chloroplast.
The existence of homologous prokaryotic sequence motifs within (i) the translation initiation region of chloroplastencoded mRNAs, (ii) the translation termination region of mRNAs, and (iii) chloroplast-encoded 16S rRNAs confirms the prokaryotic nature of chloroplast mRNA. We conclude from these observations that procaryotic-like translation regulatory mechanisms are likely to occur within chloroplasts. 
